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We investigate the quantum Zeno and anti-Zeno effects on pairwise entanglement dynamics of a
collective of non-interacting qubits which have been initially prepared in a Werner state and are
off-resonantly coupled to a common and non-Markovian environment. We obtain the analytical
expression of the concurrence in the absence and presence of the non-selective measurements. In
particular, we express our results in the strong and weak coupling regimes and examine the role
of the system size, and the effect of the detuning from the cavity field frequency on the temporal
behaviour of the pairwise entanglement. We show that, the detuning parameter has a positive role
in the protection of entanglement in the absence of the measurement for weak coupling regime.
We find that for the values of detuning parameter less than the cavity damping rate, the quantum
Zeno effect is always dominant, while for the values greater than the cavity damping rate, both
Zeno and anti-Zeno effects can occur, depending on the measurement intervals. We also find that
the anti-Zeno effect can occur in the pairwise entanglement dynamics in the absence and presence
of the detuning in the strong coupling regime.
PACS numbers: 03.65.Ud, 03.67.Mn, 03.65.Yz
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I. INTRODUCTION
One of the remarkable features of quantum theory
which has no classical counterpart, is the idea of entan-
glement [1]. This strange phenomenon is an important
resource for quantum information applications [2–6]. Al-
though the unavoidably interaction between real quan-
tum systems with their surrounding environment may
cause the loss of entanglement stored in those systems, it
has been shown that, under special conditions the com-
mon environment can have a constructive role in estab-
lishing and preserving the entanglement between subsys-
tems even without any interaction among them [7–12].
Recently, the problem of two qubits in a common bath
without using the rotating-wave, Born, and Markovian
approximations has been investigated in [13]. Altogether,
it seems quite logical to find a way to protect entangle-
ment under contamination of the environment. Accord-
ingly, many attempts have been devoted to fight against
the deterioration of entanglement under the impact of
environment [14–16].
In this regard, the quantum Zeno effect (QZE) is a
promising implementation to protect entanglement from
decoherence induced by the environment [17, 18]. It re-
lies upon the inhibition of the evolution of an unstable
quantum system by frequent measurements during a de-
fined period of time. This can be done when the state
of the system evolves only in a multidimensional sub-
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space, namely the Zeno subspace [19]. The two-particle
quantum Zeno dynamics with a type of nondeterministic
collective measurement with specific outcomes has been
investigated in [20]. Cao et.al., have investigated the
quantum Zeno effect for a qubit inside either a low- or
high-frequency bath beyond the rotating wave approxi-
mation [21]. It should be noticed that, the quantum Zeno
effect for the entanglement is not straightforwardly pre-
dictable and in some cases, the repeated measurements
can accelerate the decay of the encoded entanglement.
This is quantum anti-Zeno effect (QAZE) [22–25]. Be-
side such theoretical studies, these two phenomena have
been experimentally observed in many works [26–28].
Here, we investigate the pairwise entanglement dynam-
ics of an arbitrary number of qubits off-resonantly cou-
pled to a common and non-Markovian environment for
both weak and strong couplings corresponding to the bad
and good cavity limits, respectively. We obtain the ex-
act dynamics of pairwise entanglement as a function of
the environment correlation time when the qubits are ini-
tially in a Werner state for both coupling regimes. We
then provide a series of nonselective measurements to
check whether the system is still in its initial state af-
ter each measurement, and obtain the relevant pairwise
concurrence after these N measurements.
We show that, in the absence of nonselective measure-
ments, on average, the detuning parameter has a pos-
itive role in surviving of entanglement in both coupling
regimes. However, in the good cavity limits and for small
detuning, this parameter can also have a destructing role
in some regions of time. In the absence of detuning and in
the bad cavity limit, the quantum Zeno effect is dominant
for any value of system size n and measurement time T .
But, in the good cavity limit, both Zeno and anti-Zeno
2effects can be occurred depending on the system size and
the measurement time intervals.
The rest of paper is organized as follows: In Sec. II we
introduce the relevant Hamiltonian and by considering
the initial state of qubits as a Werner state, we obtain
the explicit form of the wave function of the system at
any time t. In Sec. III we obtain the expression for the
concurrence between two arbitrary qubits in the absence
and presence of the nonselective measurements. Section
IV deals with the investigation of pairwise entanglement
in various situations. Finally, the paper ends with a sum-
mary and conclusion in Sec. V.
II. MODEL AND TIME EVOLUTION OF THE
SYSTEM
We consider a system consists of n non-interacting
qubits with associated Hilbert space H ≃ C2⊗n dissipat-
ing into a common environment which in general can be
considered outside of the Markovian limit. We assume
{|0〉 , |1〉}⊗n be the orthonormal basis in which, |0〉 (|1〉)
is the ground (excited) single qubit state.
In [8, 29] by assuming that the leakage of photons into
a continuum state is the source of dissipation, we have
shown that how a dissipative cavity can be modelled as a
high-Q cavity in which the qubits interact with the cavity
field and the cavity field itself interacts with an external
field which can be considered as a set of continuum har-
monic oscillators. More specifically, the corresponding
Hamiltonian in the dipole and rotating-wave approxima-
tions and in units of ~ = 1 can be written as [8]
Hˆ =
1
2
n∑
i=1
ωqb
i
σˆ(i)z + ω0aˆ
†aˆ+
∫ ∞
0
ηBˆ†(η)Bˆ(η) dη
+
∫ ∞
0
(
G(η)aˆ†Bˆ(η) + H.c.
)
dη
+
n∑
i=1
(
giσˆ
(i)
+ aˆ+H.c.
)
,
(1)
where, σˆ
(i)
+ (σˆ
(i)
− ) and σˆ
(i)
z are the raising (lowering) and
inversion population operators of the ith qubit with cor-
responding resonance frequency ωqb
i
, gi is the coupling
constant between ith atom and the cavity field and aˆ
(aˆ†) and ω0 are the annihilation (creation) operator and
frequency of the cavity field, respectively. G(η) is the
coupling coefficient which in general, is a function of fre-
quency that connects the external world to the cavity,
and Bˆ†(η) and Bˆ(η) are the creation and annihilation
operators of the surrounding environment in the mode
η obeying the commutation relation
[
Bˆ(η), Bˆ†(η
′
)
]
=
δ(η−η′). In performing the Hamiltonian (1), we assumed
that there is no interaction among the qubits, and their
positions have not been considered in our model. There-
fore, it is possible to reduce the border effects.
The surrounding medium can be assumed to have a
narrow bandwith through which only a particular mode
of the cavity may be excited. This assumption allows
one to take the coupling coefficient G(η) as a constant
and equal to
√
κ/π and also to diagonalize the Hamil-
tonian using dressed operators [30] Aˆ(ω) = α(ω)aˆ +∫
β(ω, η)Bˆ(η) dη [8], in which
α(ω) =
√
κ/π
ω − ω0 + iκ , (2a)
β(ω, η) =
√
κ/πα(ω)
[
P
1
ω − η +
ω − ω0
κ/π
δ(ω − η)
]
,(2b)
where P refers to the principal value. The parameter κ
is the decay rate factor of the cavity [8]. There is no need
to check that the new operators Aˆ(ω) and Aˆ†(ω) satisfy
the commutation relation
[
Aˆ(ω), Aˆ†(ω
′
)
]
= δ(ω − ω′).
Using this approach, one can treat the system outside of
the Markovian regime. Therefore, the Hamiltonian (1)
in terms of the dressed operators Aˆ(ω) becomes
Hˆ =
ωqb
2
n∑
i=1
σˆ(i)z +
∫
ωAˆ†(ω)Aˆ(ω) dω
+ g
n∑
i=1
∫ (
σˆ
(i)
+ α
∗(ω)Aˆ(ω) + H.c.
)
dω,
(3)
in which, we assumed that the resonant frequency of all
qubits be same (namely, ωqb) and also the coupling con-
stant between qubits and the cavity field be real and
equal for all qubits (namely, g). The obtained Hamilto-
nian clearly implies that the qubits are dissipating in a
common environment (see Fig. 1).
FIG. 1: Pictorial representation of the system under study.
In the continuation, we restrict ourselves to the case in
which only one excitation of the whole system is consid-
ered. Therefore, the initial state of the form
|ψ0〉 = |W 〉 |0〉R (4)
evolves after a time t into a state
|ψ(t)〉 = E(t)eiωqbt |W 〉 |0〉R +
∫
Λω(t)e
iωt |G〉 |1ω〉 dω,
(5)
in which
|W 〉 := 1√
n
n∑
k=0
|1k〉 (6)
3is the Werner state where |1k〉 ≡ |01, · · · , 1k, · · · , 0n〉 im-
plies that only kth qubit is in the excited state while all
the others are in ground state and |0〉R = Aˆ(ω) |1ω〉 is the
multi-mode vacuum state, where |1ω〉 = Aˆ†(ω) |0〉R is the
multi-mode state representing one photon at frequency ω
and vacuum state in all other modes and |G〉 := |0〉⊗n.
In relation (5)
|E(t)|2 ≡ P0(t) = |〈ψ0|ψ(t)〉|2 (7)
is the survival probability of the initial state. By inserting
|ψ(t)〉 into the time-dependent SchrA˜¶dinger equation
and after a long but straightforward manipulations, one
may get the following closed equation for E(t)
E˙(t) = −
∫ t
0
f(t− t1)E(t1) dt1, (8)
in which the correlation function f(t − t1) is related to
the spectral density J(ω) of the environment as
f(t− t1) =
∫
dωJ(ω)e−iδω(t−t1), (9)
where δω = ω − ωqb and according to Eq. (2a) the
Lorentzian spectral density reads as
J(ω) ≡ ng2|α(ω)|2 = 1
π
ng2κ
(ω − ω0)2 + κ2 . (10)
The parameter κ is the spectral width and therefore de-
scribes the cavity losses (photon escape rate) and is con-
nected to the damping time of the reservoir τB ≈ κ−1
which is much longer than its correlation time, over which
the correlation functions of the reservoir vanish [31]. On
the other hand, the parameter g is related to the sponta-
neous decay rate of the cavity through which the relax-
ation time τR over which the state of the system consist-
ing of only one qubit changes is τR ≈ g−1 [32].
The Lorentzian distribution (10) implies the nonper-
fect reflectivity of the cavity mirrors [33]. This leads to
an exponentially decaying correlation function, with κ as
the decay rate factor of the cavity as follows:
f(t− t1) = ng2e−κ(t−t1)e−i∆(t−t1), (11)
in which, ∆ = ω0 − ωqb is the detuning parameter. We
note that, by choosing special values of κ, it is possi-
ble to extract the ideal cavity and the Markovian lim-
its. The former is obtained when κ → 0, which leads to
J(ω) = ng2δ(ω−ω0) corresponding to a constant correla-
tion function in which δ(•) is the usual Dirac delta func-
tion. In this situation, the system reduces to a n-qubit
Jaynes-Cummings model [34] with the vacuum Rabi fre-
quency ΩR =
√
ng. On the other hand, for small corre-
lation times and by taking κ much larger than any other
frequency scale, the Markovian regime may be obtained.
For the other generic values of κ, the model interpolates
between these two limits.
Next, the Laplace transform technique helps us to solve
the integro-differential equation (8) and obtain the fol-
lowing relation for the surviving amplitude:
E(t) = e−(i∆+κ)t/2
(
cosh (Ωt/2) +
i∆+ κ
Ω
sinh (Ωt/2)
)
,
(12)
where Ω =
√
κ2 − Ω2R + 2i∆κ, in which ΩR =√
∆2 + 4g2n. The obtained analytical expression for am-
plitude E(t) is exact and therefore outside Markovian
regime. Furthermore, at the steady state (t −→ ∞),
E(t) −→ 0, looking at (5) it turns out that |ψ(∞)〉 ∝ |G〉
which means that, the initial entanglement must have a
decaying behaviour as time goes on and no stationary en-
tanglement can be achieved. It is worth noticing that for
system size n+ 1 the relation derived above reduces the
results of the pioneering work on quantum Zeno and anti
Zeno effects in a resonator [35]. For W -states we note
the similarity with the result of the general treatment
of decoherence control (and the quantum Zeno effect in
particular) for entangled states [36].
It should be noticed that, the exact solution presented
in (12) for strong and weak coupling regime is due to the
Lorentzian spectral density which has been directly ob-
tained from our modelling of dissipative cavity. For other
kinds of spectral densities, only the weak coupling regime
is amenable to a general analysis of the quantum Zeno
and anti-Zeno effect [22], where, the authors presented
a universal formula for a single qubit weakly coupled to
any zero temperature bath under control by non-selective
measurements.
III. DYNAMICAL EVALUATION OF
ENTANGLEMENT
It should be stressed that, due to the approximations
of the model, one can consider any pair of quibts. In
the computational basis and using (5), the explicit form
of the reduced density operator for any pair of qubits,
after tracing over the environment degrees of freedom
and partial tracing over all other qubits, takes the form
ρpair(τ) =


0 0 0 0
0
|E(τ)|2
n
|E(τ)|2
n
0
0
|E(τ)|2
n
|E(τ)|2
n
0
0 0 0 1− 2 |E(τ)|
2
n


, (13)
in which the scaled (dimensionless) time reads as τ = κt.
Therefore, the pairwise dynamics is completely charac-
terized by the surviving amplitude of the initial state
E(t). In the following, we use concurrence as a suitable
measure, ranging from 0 (for separable states) to 1 (for
maximally entangled states), to quantify the amount of
entanglement between various pairs of qubits, which is
defined as [37]
C(t) = max
{
0,
√
ℓ1 −
√
ℓ2 −
√
ℓ3 −
√
ℓ4
}
, (14)
where {ℓj}4j=1 are the eigenvalues (in decreasing order)
of the Hermitian matrix ρ (σy1 ⊗ σy2ρ∗σy1 ⊗ σy2 ) with ρ∗
as the complex conjugate of ρ and σyk := i(σk − σ†k).
Consequently, the explicit form of the concurrence can be
4obtained from the reduced density matrix (13) as follows
Cpair(τ) = 2 |E(τ)|
2
n
. (15)
According to (7), Cpair(τ) = 2P0(τ)/n implies that, the
pairwise concurrence directly depends on the survival
probability of the initial state.
We recall that, the sequence of N nonselective mea-
surements on the collective of qubits can induce the quan-
tum Zeno effect. In this way, an efficient entanglement
protection may be obtained. However, this QZE strongly
depends on the environment features and the resonance
condition. In some cases, it may cause an enhancement
on the decay of entanglement, which is corresponding
to the quantum anti-Zeno effect. In order to examine
the effect of repeated measurements on the entanglement
dynamics, we consider the action of a series of N nons-
elective measurements, each performed at time intervals
T = t/N in order to check whether the system is still in
its initial state.
We assume that the series of nonselective measure-
ments on the collective atomic system, each perform-
ing at time intervals T , are assumed to have the two
following properties: (i) one of its possible outcomes
is the projection onto the ground state |G〉 := |0〉⊗n,
and (ii) the measurement cannot distinguish between the
states |11, 02, · · · , 0k, · · · , 0n〉, · · · , |01, · · · , 1k, · · · , 0n〉,
· · · , |01, · · · , 0k, · · · , 1n〉. Any procedure fulfilling these
two conditions will do the task of measurement. For in-
stance, since we assumed that the transition frequency
of all qubits is equal (consequently, the second condition
holds), one can measure the collective atomic energy,
which certainly determines that whether the system of
qubits have decayed into the ground state |G〉 or its exci-
tation remains. Another way to do the measurement task
is monitoring the state of the cavity. Since only one ex-
citation has been considered, if a photon is added to the
cavity, then the qubits have necessarily decayed into the
state |G〉. While, if no photon is found, one can dedicate
that the excitation still resides on the qubits.
After every measurement, the system is projected back
to its initial state with the probability P0(T ) and then
the temporal evolution starts anew. The survival prob-
ability of the initial state after the first observation is
〈ψ0| ρ(T ) |ψ0〉 = |E(T )|2. The sequence of the N measure-
ments repeatedly brings the system into its initial state
with the surviving probability P
(N)
0 (t = NT ) = |E(T )|2N
which can be rewritten after some manipulation as [23]
P
(N)
0 (t) = exp [−Γz(T )t] , (16)
with an effective decay rate Γz(T ) = − log
[
|E(T )|2
]
/T .
It is obvious that, for a finite time t = NT and in the
limit T −→ 0 and N −→ ∞, Γz(T ) −→ 0 and the decay
is completely suppressed. It is clear that, the projec-
tive measurements not only affect the probability P0(t),
but also modify the time evolution of the entanglement.
More explicitly, according to Eqs. (7), (15) and (16), the
modified concurrence becomes
C(N)pair(t) =
2 exp [−Γz(T )t]
n
. (17)
This result can also be directly achieved from the density
matrix describing the system has been observedN times,
i.e.,
∣∣ψ(t)(N)〉 〈(N)ψ(t)∣∣, by tracing over the reservoir de-
grees of freedom and over all other qubits. According to
(17), the effective dynamics of concurrence depends on
T , system size n, the relative coupling between qubits
and the cavity field, the cavity damping rate as well as
the off-resonance parameter ∆.
IV. RESULTS
In this section, we intend to examine the role of off-
resonance and the sequence of the measurements on the
dynamics of the pairwise entanglements. Before that,
from Eq. (12), two distinct weak and strong coupling
regimes can be distinguished by introducing the dimen-
sionless parameter R = g/κ, by which, we are able to
analyse our results in two regimes good (R ≫ 1) and
bad (R ≪ 1) cavities. In the bad cavity limit, the relax-
ation time is greater than the reservoir correlation time
and behaviour of P0 is a Markovian exponential decay. In
the absence of detuning and the repeated measurements,
the survival probability vanishes faster with system size
n. In the good cavity limit, the reservoir correlation time
is greater than the relaxation time and non-Markovian ef-
fects such as revival and oscillation of entanglement be-
come dominant. These effects are due to the long mem-
ory of the environment. In the absence of detuning and
the repeated measurements, the survival probability has
discrete zeros at tm = 2[mπ− arctan(Ω′n/κ)]/Ω
′
n with m
integers and Ω
′
n =
√
4ng2 − κ2.
A. Absence of non-Selective Measurements
In Fig. 2, we have plotted the difference between two
concurrences in the presence and in the absence of de-
tuning, i.e., ∆Cpair(τ) ≡ Cpair(τ,∆) − Cpair(τ,∆ = 0) for
both strong and weak coupling regimes in the absence of
the repeated measurements. As it can be observed, in
the weak coupling regime, this quantity is always greater
than zero which implies an enhancement in the surviv-
ing of the entanglement. Furthermore, according to 2(a),
it is possible to achieve maximum enhancement in the
surviving of entanglement. This maximum enhancement
is sensitive to the detuning parameter ∆ and also the
system size n. It can be shown that, as the system size
increases, this enhancement fades out more quickly. On
the other hand, increasing the detuning parameter pre-
serves the pairwise entanglement in longer times under
the impact of environmental noise. As is discussed be-
fore, the strong regime has a different behaviour. In this
regime, an oscillatory behaviour is seen for ∆Cpair(τ) due
to the non-Markovian memory of the reservoir. There-
fore, unlike the bad cavity case, in some intervals of time,
5a decrement in preserving entanglement is seen. How-
ever, on average the detuning parameter has a positive
role in enhancing the entanglement. Again, increasing
the system size deteriorates this possibility. On the other
hand, it is possible to achieve a higher enhancement by
increasing the detuning parameter. Another difference
between these two limits is that, it is possible to achieve
a quasi-stationary entanglement in the bad cavity limits
by increasing the detuning parameter, but achieving such
a state is impossible in the other regime.
B. Presence of non-Selective Measurements with
the Exact Resonance Condition
Figure 3 illustrates the effect of the nonselective mea-
surements on the pairwise entanglement dynamics in the
absence of detuning for several values of the system size
n. In the weak coupling regime, the nonselective mea-
surements quenches the decaying of the pairwise entan-
glement. This can be shown true for any system size n
and any value of the time intervals T . Therefore, the ob-
served dynamics shows always the quantum Zeno effect
for all values of n and T . It is obvious that, by decreas-
ing the system size n and time intervals T , entanglement
survives in longer times. On the other hand, the strong
coupling regime has different behaviour. First of all, in
the absence of measurements, the concurrence periodi-
cally vanishes according to the zeros of the function P0.
These revivals and oscillations are due to the memory
depth of the reservoir. Actually, it can be stated that, the
reservoir feedbacks part of the information which it has
taken during the interaction with the qubits. Performing
the repeated measurements on the qubits at time inter-
vals shorter than the reservoir memory time, suppresses
the feedback from the reservoir into qubits and then dis-
entangle the qubits from the reservoir and consequently,
causes the loss of the oscillatory behaviour of the en-
tanglement. In the presence of the measurements, the
concurrence decreases monotonically to zero and unlike
the bad cavity case, the quantum Zeno and anti-Zeno ef-
fect may be occurred depending on the system size n and
chosen intervals T . Moreover, the Zeno region, in which
the quenching of the decaying of entanglement occurs,
becomes short as the system size n increases.
C. Presence of non-Selective Measurements
without the Resonance Condition
In this section, we intend to examine the role of non-
selective measurements and detuning parameter on the
entanglement dynamics, simultaneously. This is done in
two different coupling regimes.
1. Weak Coupling Regime
Figure 4 shows the pairwise concurrence in the pres-
ence of the detuning parameter and the nonselective mea-
surements in the bad cavity limit, i.e., R = 0.1 for sys-
tem size n = 4. In the dispersive regime, i.e. for values
of the detuning ∆ ≤ κ and in the presence of the nons-
elective measurements, the detuning does not affect the
behaviour of concurrence appreciably compared to the
resonant case (compare Figs. 3(c) and 4(a)). There-
fore, in this case the Zeno effects are dominant for any
value of the time intervals T . This property can also
be proven to be true for any value of the system size
n. On the other hand, by considering the detuning pa-
rameter greater than the cavity damping rate κ (i.e.,
∆ > κ), the quantum anti-Zeno effect appears for val-
ues of T greater than a characteristic threshold value T ∗
[23]. This threshold time depends only on the detuning
parameter and does not depend on the system size n,
such that, for greater values of detuning parameter, this
threshold time decreases. The interesting aspect here is
that, for the time intervals greater but near to this thresh-
old time, the concurrence vanishes faster. But, increas-
ing the time intervals T , the quantum anti-Zeno effect
becomes less and less dominant. It can also be shown
that, for greater values of the detuning parameter, the
Zeno region becomes smaller and it occurs only for very
short measurements time intervals.
2. Strong Coupling Regime
In Fig. 5 we have plotted the pairwise concurrence as a
function of τ for system size n = 4 in the presence of the
detuning and also repeated measurements in the good
cavity limit (R = 10). For small values of detuning, i.e.
∆ < g, the concurrence has nearly the same behaviour
as resonance case for all values of system size n. There-
fore, in this case the quantum Zeno and anti-Zeno effects
can dominate the dynamics of entanglement depending
on the system size n as well as time intervals T . The
same holds true for ∆ ∼ g. In the other regime, i.e.,
∆ > g, the detuning affects considerably the concurrence
in the absence of the nonselective measurements. The
entanglement sudden death is completely disappeared.
In this case the anti-Zeno effect may occurs for values of
T greater than a characteristic threshold value T ∗ [23].
Unlike the bad cavity limit, the threshold time not only
depends on the detuning parameter but also on the sys-
tem size n. The Zeno region decreases with increasing the
system size n and also the detuning parameter. In the
absence of the measurements, for larger values of detun-
ing, the amplitude of the oscillations decreases until the
concurrence reaches a monotonically decaying behaviour.
V. SUMMARY AND CONCLUSION
To sum up, we have evaluated the dynamics of pair-
wise entanglement of a collective of an arbitrary number
of non-interacting qubits initially prepared in a Werner
state, dissipating into a common and non-Markovian en-
vironment in the absence and presence of a series of non-
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(a) Bad cavity limit, R = 0.1.
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(b) Good cavity limit, R = 10.
FIG. 2: Time evolution of the Cpair(τ,∆) − Cpair(τ,∆ = 0) as function of the dimensionless parameter τ = κt in the absence
of repeated measurements for system size n = 4, (a) in the bad cavity limit, i.e. R = 0.1 (left plots) for ∆ = 2κ (blue solid
line) and ∆ = 4κ (red dashed line) and (b) good cavity limit, R = 10 (right plots) for ∆ = 20κ (blue solid line) ∆ = 35κ (red
dashed line).
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(a) Bad cavity limit, R = 0.1 for n = 2 with ∆ = 0.
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(b) Good cavity limit, R = 10 for n = 2 with ∆ = 0.
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(c) Bad cavity limit, R = 0.1 for n = 4 with ∆ = 0.
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(d) Good cavity limit, R = 10 for n = 4 with ∆ = 0.
FIG. 3: Time evolution of the concurrence as a function of the dimensionless parameter τ = κt in the absence of detuning
∆ = 0, for system size n = 2 (top plots) and n = 4 (bottom plots), in the absence of measurements (blue solid line) and in
the presence of measurements for i) weak coupling (R = 0.1) (left plots) with intervals κT = 0.5 (green dotted-dashed line),
2 (black dotted line) and 5 (red dashed line) and ii) strong coupling (R = 10) (right plots) with intervals κT = 0.001 (green
dotted-dashed line), 0.003 (black dotted line) and 0.005 (red dashed line).
selective measurements performing at time intervals T to
check whether the system is in its initial state or not. We
then investigated the role of detuning parameter in the
dynamics of entanglement. We also found the conditions
for both the quantum Zeno and anti-Zeno effects on the
pairwise entanglement. We found that in the absence of
measurements and detuning, when qubits are initially in
a Werner state, the concurrence has a monotonically de-
caying (in the bad cavity limit) or an oscillatory decaying
behaviour (in the good cavity limit) without any station-
7ary value. This is in consistent with previous works when
two qubits are initially prepared in a Bell state and dissi-
pate into a common environment [8, 10]. In the absence
of repeated measurements, the detuning parameter has
always a positive role in surviving of initial entanglement
in the bad cavity limit. It is even possible to achieve a
stationary entanglement in the weak coupling regime by
increasing the values of detuning parameter. But, in the
good cavity limit, due to the fact that the long memory of
the environment can induce the oscillations and revivals
of entanglement, we have a decrement in preserving of
entanglement in some chosen values of time intervals. In
the absence of detuning and in the bad cavity limit, the
observed dynamics shows always the quantum Zeno ef-
fect for any value of the system size n and time intervals
T . For smaller values of n and T , the quantum Zeno
effect is stronger. In the good cavity limit, the quantum
Zeno effect can not be easily predictable, since it depends
on the system size, the detuning parameter and also on
the measurement times T . Therefore, the quantum anti-
Zeno effect may also occur for values of T greater than a
threshold time T ∗ which depends on the system size n.
The behaviour of concurrence in the bad cavity limit and
in the presence of nonselective measurements for detun-
ing parameters less than the cavity damping rate (i.e.,
∆ <∼ κ) is similar to the resonance case and the quantum
Zeno effect is always dominant. But, for values of detun-
ing parameter greater than the cavity damping rate, the
anti-Zeno effect may also occur. On the other hand, in
good cavity limit and for any values of detuning param-
eter, the quantum Zeno and anti-Zeno effects can appear
depending on the measurements times and the system
size.
It is worth noticing that our results are completely in
consistent with previous works. For instance, for system
size n = 2, our results reduce to the ones presented in
[38] for the subradiant scenario, i.e, ωqb1 = ωqb2 . This
motivates us to investigate the quantum Zeno and anti-
Zeno effects on the quantum and classical correlations for
an arbitrary number of qubits [39], too, which is left for
our future works.
Finally, we should notice that, our results could be
verified and confirmed in experiments relating to the
trapped ions coupled to the dissipative bath of vacuum
modes of the radiation field via optical pumping [40]. In
addition, the system of superconducting Josephson cir-
cuits as qubits and a transmission line as cavity could be
a suitable candidate for an experimental implementation
which may explore the contents of the paper [41]. The
present work can also be relevant for driving cavity QED
experiments with noninteracting qubits inside a cavity
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(a) Bad cavity limit, R = 0.1 with n = 4 and ∆ = 0.5κ.
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(b) Bad cavity limit, R = 0.1 with n = 4 and ∆ = 2κ.
FIG. 4: Time evolution of C
(N)
pair(τ,∆) as function of the dimensionless parameter τ = κt in the bad cavity limit, i.e. R = 0.1 for
system size n = 4, in the absence of repeated measurements (blue solid lines) and in the presence of measurements performed
at time intervals: κT = 0.1 (gray dot-dot-dashed lines), κT = 0.5 (green dot-dashed lines), κT = 2 (black dotted lines) and
κT = 5 (red dashed lines) for (a) ∆ = 0.5κ (left plots) and (b) ∆ = 2κ (right plots).
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(a) Good cavity limit, R = 10 with n = 4 and ∆ = 5κ.
0 1 2 3 4 50.0
0.1
0.2
0.3
0.4
0.5
Τ
C
pa
ir
HN
L H
Τ
L
(b) Good cavity limit, R = 10 with n = 4 and ∆ = 20κ.
FIG. 5: Time evolution of C
(N)
pair(τ,∆) as function of the dimensionless parameter τ = κt in the good cavity limit, i.e. R = 10 for
system size n = 4, in the absence of repeated measurements (blue solid lines) and in the presence of measurements performed
at time intervals: κT = 0.0005 (gray dot-dot-dashed lines), κT = 0.001 (green dot-dashed lines), κT = 0.003 (black dotted
lines) and κT = 0.005 (red dashed lines) for (a) ∆ = 5κ (left plots) and (b) ∆ = 20κ (right plots).
